Motivation: High-throughput experiments are being performed at an ever-increasing rate to systematically elucidate protein-protein interaction (PPI) networks for model organisms, while the complexities of higher eukaryotes have prevented these experiments for humans. Results: The Online Predicted Human Interaction Database (OPHID) is a web-based database of predicted interactions between human proteins. It combines the literature-derived human PPI from BIND, HPRD and MINT, with predictions made from S. cerevisiae, C. elegans, D. melanogaster, and M. musculus. The 23,889 predicted interactions currently listed in OPHID are evaluated using protein domains, gene co-expression and Gene Ontology terms. OPHID can be queried using single or multiple IDs, and results can be visualized using our custom graph visualization program.
INTRODUCTION
The network of protein-protein interactions (PPIs), referred to as the interactome, forms a backbone of signaling pathways, metabolic pathways, and cellular processes required for normal cell function. Complete knowledge of these pathways will help in the understanding of the normal processes in the cell, as well as how diseases such as cancer develop from mutation of individual pathway components. It has been the central aim of many high-throughput (HTP) experiments to elucidate the PPI networks in model organisms such as Saccharomyces cerevisiae (Gavin et al., 2002; Ho et al., 2002; Ito et al., 2001; Uetz et al., 2000) , Caenorhabitis elegans (Li et al., 2004) , Drosophila melanogaster (Giot et al., 2003) , and Mus musculus (Suzuki et al., 2003) . While few studies have been performed in humans (Colland et al., 2004; , we have used the HTP model organism interactions to infer some of the millions of potential human PPIs.
Many databases are devoted to the human interactome, with a substantial number of them appearing in recent * To whom correspondence should be addressed. months (DIP, HPID, HPRD, MINT, PINdb (Han et al., 2004; Luc and Tempst, 2004; Peri et al., 2003; Xenarios et al., 2000; Zanzoni et al., 2002) ). However, the majority of these databases are derived from hand-curated, literaturebased interactions. Although highly useful to provide ready access to the known human interactions, they do little to expand the knowledge of the interactome. Several databases have also been published that make predictions about the functional relationships between proteins based on a variety of in silico methods (Predictome, STRING, Prolinks, POINT) (Bowers et al., 2004; Huang et al., 2004; Mellor et al., 2002; von Mering et al., 2003) .
OPHID was designed to extend the human interactome using model organism data and to provide a repository for already known, experimentally derived human PPIs. While these predictions should be thought of as hypotheses until experimentally validated, there is increasing evidence that PPIs are conserved through evolution (Pagel et al., 2004; Wuchty et al., 2003) . OPHID catalogs 16,034 known human PPIs obtained from BIND, MINT, and HPRD, and makes predictions for 23,889 additional interactions.
Multiple types of evidence have been used in the literature to both support experimentally derived PPIs, and to predict interactions in silico. Examples include domain-domain cooccurrence (Deng et al., 2002; Sprinzak and Margalit, 2001) , gene co-expression Deane et al., 2002; Deng et al., 2003) , and Gene Ontology (GO) terms Sprinzak et al., 2003) . Using the combination of the three types of evidence allows us to support a broader range of PPIs than any single method alone. We have applied all three evidence types to OPHID, providing support for 5,483 (23%) of our predicted PPIs. We believe that OPHID will be a useful resource for researchers concerned with the human interactome, especially when integrated with additional HTP datasets that are likely to be available in the future.
SYSTEM AND METHODS

OPHID Generation
OPHID was constructed by mapping model organism PPIs to human protein orthologs using BLASTP and the reciprocal best-hit approach. Briefly, a database of model organ-ism-to-human orthologs was constructed by BLASTing each model organism protein against the SwissProt database filtered for human proteins. Each top BLAST hit with an evalue < 10 -5 was BLASTed back against the set of all model organism protein sequences. If the top hit in the reverse direction (with e-value < 10 -5 ) matched the original query protein, the matching human protein was selected as a potential ortholog. These were filtered to remove any hits that occurred over less than 50% of the query sequence length to avoid interactions that may involve a single protein domain.
Each model organism protein was translated to its human ortholog, and a predicted human interaction was added if both proteins in the model organism interaction were conserved in humans. Model organism PPIs were added from S. cerevisiae, C.elegans, D. melanogaster, and M. musculus using this technique. For a complete listing of data sources and references, refer to Table 1 .
Domain Co-Occurrence Dataset Generation
The literature-derived PPIs from BIND, DIP 1 , HPRD and MINT were used to create a domain-domain co-occurrence network using the InterPro domains obtained from SwissProt. For every interacting protein pair, each domain from protein A was connected to the domains in protein B. The frequency of these domain pairs was determined for all interacting protein pairs (n = 16,107), as well as all noninteracting pairs (i.e., all proteins not reported to interact in BIND, DIP, MINT, or HPRD; n = 1.8 x 10 7 ). The hypergeometric distribution was used to determine which domain pairs were enriched in interacting protein pairs compared to the non-interacting pairs. After applying the Bonferroni correction to account for repeated sampling, 4,182 domain-domain pairs were identified with p < 9.2 x 10 -7 between 1,164 domains.
Co-Expression Dataset
1 Note: DIP is only used internally for analysis. It is not reproduced on the OPHID website due to copyright restrictions.
Human gene expression data was obtained from the GeneAtlas Affymetrix dataset, which includes expression data for 44,775 human genes from 79 normal human tissues (Su et al., 2004) . Gene co-expression was determined using the Pearson correlation coefficient between gene vectors for each protein in the interaction.
GO Term Similarity Measure
We used a modification of the semantic similarity measure (Lord et al., 2003) to determine the relatedness of each interacting protein pair. The semantic similarity method examines the frequency with which each GO term appears in SwissProt for human proteins, and assigns a higher score to terms that appear less frequently (i.e., have greater "information content"). For example, non-specific terms such as the top-level "molecular_function" (GO:0003674) provide little information about the relatedness of two proteins, reflected in the p-value of 1.0. In contrast, more descriptive terms such as "translation regulator activity" [p = 0.0048] or "chaperone activity" [p = 0.0052] have greater information content, as they are used less frequently to describe human proteins, and are potentially more specific for function. The GO similarity was determined by calculating the maximum semantic similarity from the set of all GO term pairs between interacting proteins. See Supplementary Materials for a complete example.
Background Distributions
Statistically significant cut-offs for domain co-occurrence, gene co-expression, and GO term similarity, were determined by estimating the background distributions using a bootstrap approach. Briefly, all OPHID PPIs (known and predicted) were randomized 1,000 times to produce equivalent-sized random networks. The mean of the 95 th percentiles was chosen as a cut-off. The thresholds for each metric are: domain co-occurrence (one significant domain pair); gene co-expression (Pearson = 0.607; see Supplementary Materials); GO similarity (GOSim = 3.14). 
IMPLEMENTATION
Databases and Software
Known (literature-derived, 'LIT') human PPIs were acquired from BIND, DIP, HPRD, and MINT (see Supplementary Materials) . The data and sequences from SwissProt (v. 45.0) were loaded into our IBM DB2 database (v. 8.1.1.16). Protein sequences for each organism were obtained from the following sources: S. cerevisiae -Yeast Protein Databank (YPD); C. elegans -WormPep; D. melanogaster -FlyBase; M. musculus -SwissProt (see Supplementary Materials for full versions). A local NCBI BLAST server (v. 2.2.4) was run through IBM's Information Integrator (v. 8.1.1) using the default BLAST settings. GO terms and InterPro domains were gathered from SwissProt. The OPHID web interface and query engine was implemented on an IBM WebSphere web server (v. 5.0.0). All additional processing software was written in Java.
RESULTS
Protein Interaction Network
OPHID was generated from a total of 108,867 model organism PPIs mapped to human proteins through orthology.
Orthologs were identified using the reciprocal best-hit approach (see Methods). In total, 31.9% of the S. cerevisiae proteins had orthologs in humans, while 39.7 and 21.2% of the D. melanogaster and C. elegans proteins had orthologs, respectively. Through this orthology database, 23,889 model organism PPIs were mapped to human proteins, providing predictions for interactions that may occur in the human interactome, including 929 that are confirmed human interactions. 72 of the predicted interactions were predicted from more than one model organism.
The predicted PPI dataset from OPHID (referred to as the 'OPHID' set hereafter) contains 4,552 proteins, 1,872 of which are not in the LIT set (6,144 proteins). Thus, OPHID extends the human interactome by hundreds of proteins that have not yet been included in the literature-derived databases.
Importantly, there is a large difference in the types of proteins that are being covered in the two datasets. Figure 1 shows the distributions of the functional categories represented in the LIT dataset, compared to the interactions in OPHID. The proteins involved in the LIT dataset are primarily involved in "Cellular Fate and Organization" pathways (29.3%), such as apoptosis, cell cycle regulation, and cytoskeletal remodeling, followed by "Transcription" (9.8%), and "Transport and Sensing" (9.0%). Only 19.9% of the proteins in this set are "Uncharacterized", meaning Fig. 1 . Distribution of functional categories of proteins within OPHID. The Gene Ontology (GO) terms obtained from SwissProt for each protein within the interaction network were mapped to one of 11 broad categories on a first-matched basis using a custom keyword dictionary. The distributions of protein function are shown for the "Known" PPIs (literature-derived; BIND, DIP, HPRD and MINT data; 6,144 proteins), for the "Predicted" interactions that were mapped from model organisms (4,552 proteins), and for all known human proteins within SwissProt ("HUMAN"; 57,400 proteins). Proteins in the "N -Not Matched" category did not match against the keyword dictionary, while the "U -Uncharacterized" category represents proteins that lacked any descriptive GO terms.
that they lack GO terms in the SwissProt database. In contrast, 29.1% of the proteins involved in OPHID are "Uncharacterized". OPHID is enriched for proteins involved in "Energy Production" (2.3% vs. 0.9%) and "Other Metabolism" (6.0% vs. 2.8%) compared to the LIT set, while the LIT set is enriched for proteins involved in "Stress and Defense". This data suggests that the combination of the known and predicted interactions complement each other in many GO categories. In addition, the linking of the uncharacterized proteins, which make up nearly 30% of OPHID, to known interactions will help provide functional information for these unannotated proteins.
The use of HTP experiments from model organisms has the potential to include false-positive interactions. For example, Sprinzak et al. suggested that only 50% of yeast Y2H interactions are reliable (Sprinzak et al., 2003) . Producing a predicted PPI network may compound this problem by including those false positives, as well as potentially creating new ones through the ortholog mapping. In order to help filter out noisy interactions, we chose to look for additional supporting evidence in the form of protein domains, gene co-expression, and GO terms (see Methods). In essence, this additional evidence provides in silico validation of the OPHID interactions, and will help rank the predicted interactions for future experimental confirmation.
Support Through Domain Co-Occurrence
The presence of domain pairs has been used extensively to predict de novo protein interactions (Deng et al., 2002; Wojcik and Schachter, 2001) , as well as for the validation of reported interactions (Sprinzak and Margalit, 2001 ). Here, we have used more than 16,000 human PPIs from the LIT dataset to produce a domain co-occurrence network, and selected those domain pairs that are significantly enriched in the interacting proteins compared to the non-interacting pairs (see Methods). While 93.0% of the LIT PPIs have at least one domain for each of the proteins in the pair, 44.3% of those have ≥2 statistically significant domain pairs (Fig.  2) . This is in contrast to the OPHID dataset, where 92.1% of the PPIs have domain information, with 5.6% of these containing significant domains.
This difference in domain support is likely due to 2 factors: 1) The domain network was derived from the LIT dataset, which should lead to higher support for this dataset; 2) Differences in the functions of the proteins in the LIT dataset will also be reflected in the types of domains that are present in this network. The predicted network likely utilizes somewhat different domains than the LIT set. This is in line with the findings of Betel et al., who recently assessed domain-domain networks in S. cerevisiae, and found that there are fundamental differences in the topology of these networks arising from the various yeast HTP datasets (Betel et al., 2004) . These findings, combined with the data from Figure 1 , suggest that at least some of the reduced support for the predicted interactions may be due to the differences in functional categories of the respective interaction networks, as well as the purification techniques that may bias towards transient or stable complexes. In addition, greater annotation of the human proteins will lead to increased support for the predicted interactions. For instance, between build 44.0 and 45.0 of SwissProt, support for the predicted interactions through domains increased from 3.1% to 5.6%.
Gene Co-expression
Several studies have suggested that gene co-expression provides evidence for protein interactions (Deane et al., 2002; Ge et al., 2001; Kemmeren et al., 2002) . We used the human GeneAtlas data (Su et al., 2004) , derived from 79 normal human tissues, to provide evidence of PPIs through gene co-expression. The cut-off for significance of coexpression was found to correspond to a Pearson correlation of 0.607. GeneAtlas contains gene expression data for both proteins in the interaction for 85.0% of LIT PPIs, with 9.0% significantly co-expressed. This compares to 86.2% of the OPHID interactions that have expression data, of which 17.3% are statistically significant. The most highly coexpressed protein pairs in the OPHID set involve ribosomal and proteasomal subunits, which show Pearson correlations greater than 0.90. This finding indicates not only the presence of known, stable complexes, but also that the gene coexpression of these complexes is conserved from yeast to Fig. 2 . Supporting evidence for known and predicted PPIs. Evidence was gathered to support each of the LIT interactions (BIND, DIP, HPRD, and MINT) or OPHID predictions. The evidence was gathered in the form of domain-domain cooccurrence ("Domains"), gene co-expression ("Express"), and GO term semantic similarity ("GO Terms"). For each dataset, the fraction of total PPIs with each evidence type is shown by the white bars. The fraction of total PPIs with significant evidence (≥2 domains, r ≥0.607, GOsim ≥ 3.14) is indicated in black. (n known = 16,107 PPIs; n predicted = 23,889 PPIs).
humans (Jansen et al., 2002) .
GO Terms
Traditional approaches using GO terms to validate PPIs have employed the Jaccard similarity metric, which looks for co-occurring terms . This approach works well for highly annotated proteins, such as those found in yeast; however, human proteins do not share this level of annotation. Further, this method fails to take into account the depth within the GO tree of the overlapping terms, where deeper terms infer greater specificity (weight). We therefore used a modified semantic similarity measure described in Lord et al. (2003) (see Methods).
The LIT set had a semantic similarity score for 76.9% of the PPIs, with 19.6% of these being significant (Fig. 2) . The OPHID set, with a larger fraction of hypothetical and unannotated proteins, had a semantic similarity score for 58.2% of the PPIs, with 12.0% of these being significant. As the annotation of human proteins increases, we expect that support from GO similarity will increase, as was observed for domain support.
Measuring Reliability by Combined Evidence
For the LIT interactions, 99.2% have at least one piece of evidence present (i.e., at least one of: domains, expression data, or GO terms for both proteins). Of these, 42.5% have evidence that is statistically significant. If the same number of interactions are chosen at random from the same set of proteins (to maintain similar levels of annotation), 10.1% of the randomized interactions are significant. For LIT interactions that have 2 or more pieces of evidence (92.9%), 15.9% are significant. That is, 16% of the known human PPIs are supported by at least two of these evidence types. This compares favourably to the 0.7% that are significant in the randomized network. While it would not be expected that all interactions would be supported by all evidence types, 16% is likely a lower limit on the number that may be supported in future. There are still more than 23% of the known interactions without related GO terms, and many others with few terms present.
In the OPHID dataset, 23.0% of the predicted interactions have at least one significant piece of supporting evidence, and 5.7% have ≥ 2 statistically significant pieces of evidence. This compares to 9.3% and 0.6% for the matching randomized non-interacting set (p < 0.05). Since there are 23,889 predicted PPIs, 5,483 PPIs have some evidence (one type), and 1,364 have ≥ 2 pieces of supporting evidence.
Evaluating The Model Organism Source Datasets
To examine the reliability of the model organism data, we have broken down the support for the interactions according to the source of the prediction. Figure 3A shows the breakdown of the percentage of original interactions that were supported by at least 2 types of evidence. Not surprisingly, 2 of the Riken (M. musculus) datasets (Suzuki et al., 2001; Suzuki et al., 2003) showed the highest support, since they are literature-derived interactions mapped from mouse to humans. This was also expected, as mice are closer evolutionarily to humans than S. cerevisiae, C. elegans or D. melanogaster, with 99% of the mouse genes having a human homolog, and 80% having 1:1 human orthologs (Waterston et al., 2002) . The next most reliable dataset is the INTEROLOG subset mapped from C. elegans. This subset includes interactions that were mapped from S. cerevisiae to C. elegans, and then to humans, and thus likely represents a group of highly conserved protein interactions. The C. elegans LITERATURE set is similar to the Riken data, in that it was derived from small-scale published experiments and is therefore of higher quality. The MIPS, high, and medium confidence datasets are derived from yeast, but represent the highest quality interactions in yeast, elucidated by multiple experiments. Finally, the remaining C. elegans (CORE_1, CORE_2, NON_CORE) and D. melanogaster (FlyHigh, FlyLow) Y2H experiments appear to be the least reliable source, which is not surprising given the inherent inaccuracy of Y2H (Sprinzak et al., 2003) . Figure 3B shows the number of interactions that have two or more types of supporting evidence, albeit not statistically significant. These graphs are not reciprocals, as interactions having only one supporting evidence type are not included, however Figure 3B shows similar trends as seen in Figure  3A , e.g., the C. elegans CORE and D. melanogaster datasets appearing to be the least accurate.
OPHID Web Interface
OPHID has been designed to aid not only the prediction of novel PPIs, but also to provide a regularly updated and expanded dataset that is easily accessible, and can be used to further both small-scale experiments and support large-scale bioinformatics efforts. Thus, OPHID has been made available as a web-accessible database, where queries can be entered using a single identifier, or by large batch queries using a variety of ID types (Genbank, SwissProt, Unigene, LocusLink, etc.). The entire dataset can be downloaded as a tab-delimited text file, or in the PSI-compliant XML format (Hermjakob et al., 2004) . The OPHID interface contains a Java-based viewer to display the resulting PPI networks, which allows for the expansion of the search based on selected nodes in the graph or saving the visualized networks as either JPEG or SVG files.
DISCUSSION
One goal of the many proteomics projects published to date has been to map the PPI networks that exist in the respective organisms, and thus determine the interactions that govern normal cell function. OPHID was designed to utilize this model organism interaction data in order to rapidly extend our knowledge of the human interactome. Only recently have literature-derived databases of human interactions begun to catch up to those devoted to model organisms, but while these are highly useful resources that improve access to the human interactome, these databases only recapitulate the known interactions published in the literature. Although HTP experiments are being performed on increasingly complex organisms, to date, few have been performed on mouse or humans.
Given the combinatorial explosion in the mouse and human interactomes that will surely emanate from the 20 -25,000 genes in the genomes (Abdellah et al., 2004) (compared to 6,000 in S. cerevisiae, 22,000 in C. elegans, and 13,500 in D. melanogaster) , it is unlikely that the higher eukaryote interactomes will be fully covered by experimental means in the near future. Thus, model organism interactomes must be used to gain insight into the human interaction networks, and to begin using the resulting network to explore normal and disease processes in the near term. Further, this provides an opportunity for functional annotation of human and mouse proteins (currently 27,939 human proteins lack GO terms in SwissProt Build 45.0), and provides a means for studying evolutionary conservation of important sub-networks in PPI datasets.
OPHID provides predictions of nearly 24,000 PPIs, many of which we have supported with additional evidence. The database can be used in several ways. First, as a model of the human interactome, it can be used to explore known pathways, add new proteins to existing pathways, or develop novel pathways altogether. Second, OPHID may be used as an aid in designing new PPI experiments by indicating whether orthologous proteins have been reported to interact in other organisms. Third, the data within OPHID can be integrated with additional datasets (e.g., expression data from disease profiles, OMIM data on disease-related proteins) to reveal new protein interactions and pathways that may be involved in human disease (Barrios-Rodiles et al., 2005; Seiden-Long et al., 2005) . As new PPI datasets become available, they are being incorporated into OPHID; thus, OPHID will continue to represent an up-to-date, valuable resource for experiment planning.
Homology-based approaches to predicting PPIs may contain some inaccuracies (Deane et al., 2002; Matthews et al., 2001 ) depending on the filtering criteria used. For example, in mapping S. cerevisiae interactions to C. elegans, Matthews et al. were only able to reproduce 16 -31% of the predicted interactions in a Y2H system. In this experiment, the method of mapping interactions was to consider only the best matching C. elegans homolog for each S. cerevisiae protein. The reciprocal best match approach that we have used (see Methods) provides a more stringent mapping between orthologous proteins. While providing a lower coverage of the potential interactome, this method provides better accuracy in the predicted interactions (Yu et al., 2004) .
Other groups have used InParanoid to predict human PPIs (Lehner and Fraser, 2004) rather than the reciprocal best-hit approach. Using our semantic similarity measure, only 13.7% of interactions in the Lehner dataset are supported, while OPHID has 20.6% supported interactions (considering only those PPIs with GO terms). The reciprocal best-hit approach thus has more in silico support, which suggests greater accuracy than the InParanoid-based predictions.
Our additional evidence currently supports 23% of the predicted PPIs. This is influenced by limitations in the domain network and sparse GO annotation of the human pro- teins, and therefore likely represents a lower limit to the interaction support. Further, it has been suggested that only 66% of previously known PPIs may show co-expression at the mRNA level (Kemmeren et al., 2002) . Therefore, a lack of in silico validation does not necessarily indicate that the interaction is less reliable, but may simply be due the lower level of annotation of human proteins to date. Despite these challenges, OPHID provides a sizable number of novel PPIs supported by in silico evidence.
In building OPHID, we chose to include the entire von Mering dataset (von Mering et al., 2002) , which consists of 'high', 'medium', and 'low' confidence subsets. The protein complexes in this dataset were connected in an all-to-all (matrix) fashion. While the matrix model has been shown to be less accurate than the spoke model (Bader and Hogue, 2002) , the decision to include this data in its entirety was based on providing the largest possible coverage of the human interactome, and then filtering at a later time by using supporting evidence. Although the low confidence subset contains fewer supportable interactions relative to the high and medium subsets (Fig. 3B) , it is important to note that the results are comparable to the most reliable experimental C. elegans interactions (CORE_1, CORE_2), or the D. melanogaster Y2H interactions.
OPHID users can easily filter out less reliable interactions and include only the highest quality interaction data in their subsequent analysis, bearing in mind that reducing the false positive rate increases the false negative rate. We believe that there are numerous reliable (supportable) interactions to be gained by including the low quality data from each of these subsets (yeast low, NON_CORE, and FlyLow), and we have indeed found many mapped interactions from these subsets that appear to be reliable human interactions.
FUTURE DIRECTIONS
OPHID will continue to grow as new interaction datasets become available, and additional evidence will continue to be sought. We expect the in silico evidence for the OPHID interactions to improve in parallel with the annotation of human proteins. Additionally, including metrics such as coevolution can help reinforce the relatedness of the individual predicted interactions (Tan et al., 2004) . Ultimately, a machine classifier will be developed to provide a unified confidence score for the OPHID interactions that will allow users an additional means of filtering the predicted protein interactions.
